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ABSTRACT
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A new and comprehensive dielectric tensor characterization instrumeat is presented for characterization of
magneto-optical recording media and non-magnetic thin films. Random and systematic errors of the system are
studied. A series of TbFe, TbFeCo, and Co/Pt samples with differeat composition and thicknesses are characterized
for their optical and magneto-optical properties. The optical properties of several non-magnetic films are also
measured.

L. INTRODUCTION

Dielectric tensor ¢ characterization of M-O recording medis is important for their spplication. It gives the
important parameters like the reflectivity of the material, and, more importantly, the magneto-optic Keer offect is
determined from it. The traditional method of measuring ¢ consists of two steps. First using an ellipsometer' one

Y obtains the refractive index n and absorption coefficient k, which are directly related to the diagonal elemant of the
dielectric tensor. The second step consists of measuring the Kerr rotation angle 6, and ellipticity ¢, using one of
several svailable techniques' "7 at normal incidence. From these measurements and the knowledge of n and k, the
off-diagonal element of the dielectric tensor is calculated.® Connell used this method o obtain the diclectric tensor
for a set of rare earth-transition metal alloy thin films.’ Recently thers have been soms reported messurements for
Co/Pt and Co/Pd superiattice samples.”™ '' This traditional method usually requires that the magneto-optical film

~ is thick eaough to be opaque (thicker than 400 A for TbFe and superisttice samples). This Limits the application
of this method and is not suitable for very thin samples which are important for spplication, especially the
superlattice samples.

In this paper we use a new and comprehensive method'® *? to characterize the dielectric tensor of magneto-
optical thin film samples. This method applies for all thicknesses and the measurements are done with s single
~ apparatus. With a multilayer analysis program', the dielectric tensor as well as the film thicknees for each layer
of & multilayered film can be determined. The apparstus is also useful for determining the refractive index n,
absorption coefficient k and film thickness of various layers of a multilsyered non-magnetic film.

The paper is arranged as follows. In Sec. II, We discuss the principles of the technique. The experimental
set up, calibration snd performance amalysis sre discussed in detail. In Sec. IIl, we preseat some measurcment

- results of TbFe and Co/Pt ssmples with various thicknesses and compositions. Various non-megnetic samples of
glass, dielectric, sol-gel, organic polymer, and metals are studied in Sec. [V. Section V is the summary.
IL SYSTEM SETUP AND ANALYSIS
We first define the physical content of the dielectric tensor measured by this system. With the
B magnetization along the z-axis (perpendicular to the x-y plane of the film), the dielectric tensor & is written as:'’
-w
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Sincethoﬁlmilbaﬁevedtobemﬂyinm:pic.weahﬂmc.-c,,-c_. In general, the elements
of the tensor are complex. Thus ¢, (the diagonal element), describes the optical properties of the film in the
abeence of the magneto-optical effects according to the following relation

Voa = A ik . ¢)

moﬁwamc,hmﬁbkhhwxmmd?u&yeﬁm Assuming that the
Kmmhﬁonmghd,mddﬁpﬁcitygmmﬂ,lndlightilunormlincidmonthickﬁlmwi&noovm&ng.
the relation between 4, ¢, 2, and g, can be written as

0, -ieg v ——2 )

Vou (ta - 1) .
This relationship indicates that the magneto-optical Kerr effoct is proportional to the off-diagonal element s,,.

Measurement of the dielectric teasor coasists of measuring the compiex reflection coefficients of the sample

Figure 1 shows the experimental setup, '? called varisble-angle magneto-optic ellipsometer (VAMOE). The
incident angie A varics from 30° to 88°. The HeNe laser beam (A = 632.8 nm) passes through a polarizer and a
quarter-wave plate whose fast axis is st 45" to the transmission axis of the polarizer; The polarizer helps to clean
the laser beam to be linearly-polarized, and the quarter-wave plate makes the light to becoms circularly polarized
PBS sits 0a a rotating moust and can polarizs the incident beam at angle # with the piane of refereace. Of those
angies, the directions of p (parallel), s (perpendicular), and 45° are the 0nes used. The circularized light before

the PBS koeps the light power incidest oa the ssmple constant for any J angle, which lois ts use & constant gain
for detecting circuitry. The electro-magaet behind the sample applies s magnetic fleld with the streagth of +7.5

at [ = 45° to the reference plans. The beam thea goss through a Wollaston prism and is finally detected by two
detectors. The Wollaston prism and the photodetectors sit on & rotation stage whose axis is aligned with the beam.
This rotation stage aliows the axis of the Wollastos 10 be set at angle » relative 10 the reference plane; 4 = 0" and
45° are used in this experiment. The two photodetectors are identical, and their conversion factor, defined as the
ratio of the output voltage to the input light intensity is a. We will denote the individual detector output by S, and
S,, their sum by ¢, and their difference, which sppears at the output of the differential amplifier, by AS.

Tomrﬂiuhmmdnmmbowheﬂwﬁnﬁmmpﬁm&dnmmm
system. This can be measured by removing the sample and setting the incident angle A = 90". If the effective light
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amplituds is denoted C, the sum of the signals S, and S, will be given by

9, = %cc’ : @

In the following discussion we will assume that the results are normalized by .

As for the discussion of the measurement technique, let us define the notation. The linearly polarized
incident light with polarization direction in the plane of incidence (also the plane of reference) is the p light, while
the light polarized perpendicular to this plane is the s light. For p incident light, the ordinary reflected amplitude
and phase are defined as r, and ¢, respectively. Similarly for s incident light, the ordinary reflected amplitude and
phase are r, and ¢,. For magneto-optical samples the p (or s) incident light not only causes ordinary reflection in
p (or s) direction but also induces s magneto-optical componeat in the s (or p) direction. We denote the amplitude
and phase of this magneto-optical reflection coefficient by r, and ¢, respectively.

Whn&nwhhphcadinthsmthoiﬁ&iﬂwﬂlinmﬂ&qqdonr,.o,. Ty @0,
and ¢,, as well as on 3, [ and . Then, the sum and difference signals betweea S, and S, are derived"

olo, = ricos® + riain’p + rl S
+ [ry.cos(d,~9,) - rycos($,-9)] sin2p '

ASfo, = [(rjcos’p - risin’) cos2{
- rlcos2p-20)] cos(2n-20)
+ 17 [sin2{ cos(d,-4,) cos(n-20)
+ sin(¢,-4,) sin(2n-2{)] sin2p _ ©®
- 277 [cosp sin(4,-4,) sin2n-20)
+ sin2(-P) coa(d,~4,) cos2n-20)] cosp
- ry lsinp sin(é,~4,) sin@n-20)
- coa2{-$) cos(é,-4,) cos(2n-2{)] sinp

Seven different experimental set-ups are used t0 fully cheracterize the ssmple. They are combinations of
different angles of § and y, while keeping { = 45°. The seven curves with the setting specifications are listed at
Table I.

For messuring the dicloctric tensor, these seven different combinations of reflection coefficients versus the
incideat angle A sre measured. Of thess, three curves are optical reflectivities, which are independent of magnetic
states of the sampies, and sre obtained with the magnet turned off, while the other four curves are measured with
the sample sstursted by the magnetic field and are called magneto-optic reflectivity curves. For non-magnetic
materials, all the M-O reflection coefficients are zaro and oaly the first thres curves are measured.

After measuring thess seven curves, a multilayer analysis program'* is used t0 analyze the data and estimate
the dielectric tensor of the film. This analysis program can deal with multilayer structures containing an arbitrary
number of dielectric, metal and magnetic layers. An algorithm based on 2 X 2 matrices is used for the reflection
calculation. In this calculation, the incident beam is assumed to be plane monochromatic with arbitrary angle of
incideace. There are no approximations involved and the results are direct consequences of Maxwell’s equations.
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HeNe Laser

Polarizer
1/4 Wave Plate

PBS
Monitor Detector
6, 9. Focus Lens
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\

7. Sample
8. Electro—Magnet
10. 1/4 Wave Plate
11. Wollaston Prism
12, 13. Detectors

A ——— Varigble Incident Angle
Figure 1. System sotup for the variable-angle magneto-optic ellipsometer.

Table L. The measured reflectivity curves. [ = 45° for all the messuirements.

15, cos(é, - ¢)
g, cond, - ¢,)
f, Sin(d - 4,)
15, coxd, - ¢,)
s, sin(é, - 4,)
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IL2. Error Anslysis

There are basically two types of error, random and systematic, in this dielectric tensor characterization
system. Random errors come from the vibration of the system, fluctuatioas of the laser power, the random noise
in the circuitry and the numerical errors of the multilayer analysis program. Since the individual analysis of them
is complicated, we choose to experimentally measure their combined effect.

The random error in the VAMOE system is expressed in the random fluctuation of the measured data. The
effect of this error could be differeat for different types of samples, due to their differeat shapes of reflectivity
curves. To a good estimation, we measured three typical samples. A piece of glass (microscope-slide) which has
ouly n value (k is 50 close to zero, that its messurement is below the resolution of this system) is typical for
dielectric materials. A Co/Pd multilayered thin film with thickness of 165 A is used as & typical sample for the
superiattice materials. A TbFe sample (with overcosting) is typical for the RE-TM materials.

Figure 2 shows the measured reflectivity curves for four independent measurements of the glass sample.
The back of the microscope-slide was ground and blackened by ink, in order to reduce reflection from the back
surface. As can be seea in Fig. 2, the four independent measurements are coincide with each other. Table II lists
the matched n values for cach messurement. The data matching error (DME) in this and later tables is the average
percent deviation for each data point between the measured data and the calculated data from the multilayer analysis
program by using matched parameter(s). The matching error is less than 3% and the standard deviation of the four
results is 0.5%. ) ' :

Figure 3 is the corresponding three independent measurements for s Co(2A)/Pd(9A) sample. This sample
is sputtered on glass st 7 mtorr of Kr gas, and the total thicknees is 165 A. Thers is 0o overcosting. The M-O
reflectivity curves have larger difference among the thres independent measurements than the curves 1 to 3, which
is due to the much smaller signal for these M-O data. Table [II is the corresponding results for the Co/Pd sample.
The results in the parenthesis (also in the later tables) are measured by our varisble wavelength Kerr rotation angle
and ellipticity measuring system called magneto-optic Keer spectrometer (MOKS).* ¢ MOKS measures the Kerr
rotation angle and ellipticity using & different method from that of the VAMOE system.

The three measurements of the seven reflection curves for a Tby Fe, , sample are shown in Fig. 4. The
M-O film thickness is 1354 A. The overcoating is Siy O and the estimated thickness is 1264 A. The thickness
measured by this system (the ty, in the table) is 1326 A. For the SiO overcostingwo use n = 1.449 and k = 0
for the calculation. Table IV lists the computed parameters for the ToFe sample. Connell’'s messurement for &
Tb, Fe,, sample’ is cited here for comparison.

From the measurements for the three typical samples, we can see that the data matching error is less than
5% and the random ecror is within the ramge of tolerance. The slightly larger DME for the TbFe sample is due
to its higher complexity with overcosting. The random ecrors for the Kerr rotation angle, ellipticity and reflectivity
are much smaller, which indicetes their less sensitivity t0 fluctuation. The smaller random error for the off-diagonal
clement of the TbFe sample is dus (0 its much larger magneto-optical reflectivity.

There are st least five possible systematic orror sources ia the system. Oune is the incident angle error.
We measured this sngle by the top view pictures, takea by s camers, for angles from 26" to 90° (with ons degreo
incremeat). After this, the error oa the angle messurements, or the error on the mechanical movements o the rail
will be andom aad they fall into the category of the mndom error analysis discussed above. The second error
source is the gains in the two signal channels snd the differeatial channel of the amplifier circuit. The circuit has
been stabilized and calibration was dooe to wipe out any sizable systematic error on this part. The other three error
wurcumthewcumyofdnpohﬂutncbforhincidemham.thomyofdnqmvephunglo
and the accuracy on the angle readings of the detector box.
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Table II1. Three measurements for the Co/Pd sample. The results in the pareathesis are measured from the
MOKS system.

0.148 0.138 0.148 0.145 0.006

cv — — — — —
i0.100 i0.100 i0.122 10.107 i0.013

DME (%) 2.8 3.0 3.0 - -

Table IV. Thres measurements for the TbFe sample. The results in the parenthesis are measmired from the

MOKS system.
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Table V. Measurements for the case that the polarizer angle is +2° off the calibrated angle for the Co/Pd
sample.

Co/Pd sample.
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Figure 7. Reflection coefficiont measurements for the case that the detector
angles are at the calibrated angle (“——————* line), 2° off ("- - - -* line) and -
2° off (*— — —" line), respectively, for systematic error analysis.
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Table VII. Measurements for the case that the detector angle is +2° off the calibrated angle for the Co/Pd
sample.

ToMydnpoubloeﬂeﬂoﬁbthumng:memmmndthMc
tensor with the polarizer, quarterwave plats sad detector module deviated +2° off the given angle, respectively, for
the same Co/Pd sample which was used for the random error analysis. Figure S shows the measured refiection
curves for the polarizer at normal position, off +2° and off -2° positions. The same measurements for the
quarterwave plate and detector module are showa in Figs. 6 and 7, respectively. The calculated variation on the
dielectric tensor, Keer rotation, ellipticity and reflectivity for thess systematic angle changes are listed in Table V,
VI, and VII.

The variation on the measurad results for the polarizer +2° off is small and even within the random error
range. Since the accuracy of the polarizer angle is better than that, it will causs no systematic error problem. The
variation on the measured results for the quarterwave piate 12" off is much larger and more atteation needs to be
paid for the accuracy of this angle. The resolution of this angle is about 0.25° and an accuracy of less than 1° can
be achieved. This could make the possible systematic error much smaller. The variation on the results for the
detector box angle +2° off is between the sbove two cases. The sccuracy of this angle is about 1° and the
qmmmmumm

Another way to check the systematic error is to compare the messured Kerr rotation angle, ellipticity and
reflectivity with other established characterization system, like the MOKS system. The good agreement on the Kerr
rotation, ellipticity and reflectivity measurements between thess two systems (see Tabies I1I and IV) also indicates
that the systematic error in this VAMOE system is insignificant.
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L DIELECTRIC TENSOR FOR TbFe AND Co/Pt SAMPLES

Dielectric tensor characterization for the M-O samples is important for both understanding and application
of these materials. Thickness dependeace of the dielectric tensor for Co/Pd superlattice multilayered film has been
studied in our previous paper,'‘ and we found that both disgonal and off-diagonal elemeats of the teasor are more
or leas constant for film thicknesses greater than 150 A. In the same paper, we also have studied the composition
dependence of the dielectric teasor for both Co/Pt and Co/Pd multilayered films. The enhancement of the off-
diagonal element for the multilayered samples over diluted pure cobalt explains the larger M-O Kerr effect for these
multilayered samples. In this section, we first present the dielectric tensor measurement for several TbFe and
TbFeCo samples with differeat compositions. Then, more measuremeats for Co/Pt samples are preseated, which
extends both the thickness and composition range of the samples for study.

For these TbFe and TbFeCo samples, they all have overcoating, and are with glass substrate. Their
hysteresis loops are square. The detailed structural and magnetic data for all the TbFe and TbFeCo sampies are
listed in Table VIII. Figure 8 shows a typical measurement of the seven reflection curves along with the calculated
curves from the matched dielectric teasor values, for sample TB6. The matching between the experimeatal and
calculated reflectivity curves is excellent. All of the data matching errors are less than 6%, as listed in Table VIII.
The DME decreases with larger reflectivity valus which has better signal-to-noise ratio. The slightly larger
difference on the Kerr rotation, ellipticity and reflectivity between the VAMOE and MOKS systems for TbFe and
TbFeCo samples than that of the superlattice samples is caused by the higher complexity of the former types of
sample. One notices that as TbFe sample changes from the Tb-rich (mmple TF6) 1o Fe-rich (the rest), the off-
diagonal element changes sign as well as the Kerr rotatioa.

Table VIIII lists all the structural and magnetic data for the Co/Pt samples studied here. There is no
overcosting for any of them and their hysteresis loops are all square. (They are deposited oa giass subetrate.)
Figure 9 shows a typical measurement for sample COPT3. The typical data for a Co/Pd sample has been shown
mthepuvmmlmlylum .

IV. OPTICAL MEASUREMENTS FOR NON-MAGNETIC SAMPLES

The VAMOE system developed for M-O media can also be used to measure the optical properties for
various non-magnetic films. Since M-O data storage spplication also involves the characterizations for the substrate,
overcoating and reflecting layer materials, it is useful that this system is able 10 perform this characterization. In
this section, we present the optical refractive index a, absorption coefficient k and film thickness messuremeats for
some non-magnetic materials.

Figures 10 to 13 show the measured reflection coefficient curves as a function of the incident angle for a
glass substrate, a dielectric thin film, a sol-gel thin film and an organic polymer film. Table X lists the
measurement results for thess sad other ssmples. The dielectric and ocganic polymer films are coated on glass
substrate and the sol-gel films are costed ca & GaAs substrate with & = 3.85 sad k = 0.077.

Series of metallic films of Al, Al-Ti, Cu,Al, AL,Cr, Cu and Pt with different thicknesses are measured and
their results are listed on Table XI. The typical reflection coefficient curves for each kind are shown in Figs. 14
to 19. The matching between the experimentally measured curves and thoss computer cakculated from the estimated
optical constants is quite good. All the DME arv less than 3%. Also in this table, we cited the n, k values for Al,
Cu and Pt from handbook.'?

V. SUMMARY

In summary, we have coastructed a new and comprebeusive dielectric teasor characterization system, both
form:gneto-opticdmdnon—mmeﬁcd:inﬁlm.nk.- 632.8 nm. The random and systematic error analysis of
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Table VIII. Measurement results of the ThFeCo and TbFe samples with various film compositions
2 A=633am. The values in the parentheses are measured by the magnato-optic Kerr spectrometer

(MOKS) system.
. s e |
Samples TF1 TF2 TF3 TF4 TFS TF6 TF7
l MO TH:16.1 | TH:20.1 | Tb:20.3 | TH:16.7 | TO:14.5 | TH:28.1 | TH:18.3
composition | Fe:77.0 | Fe:71.3 | Fe:70.9 | Fe:83.3 | Fe:85.6 | Fe:71.9 | Fe:74.5
(. %) Co: 6.9 | Co: 8.6 | Co: 8.9 Ar: 3.6
ovccouinx SiN SiN SiN SiN SiN Sio Si0
thickness (A)] 647 800 800 757 M1 1326 1618
MO film 431 1000 500 733 726 1354 554
thickness (A)
underiayer - - - SiN SiN _ -
thickness (A) 716 | 723
coercivity 2.42 3 2.2 224 0.92 1.63 1.26
(kOe)
n 2.32 2.43 291 2.30 2.Q 2.37 2.n
| |
k KR} | i K} 3.3 .19 kR 2.88
tu -$.90 460 | 249 | 514 | 422 | 392 | 374
+ + + + + + +
i17.54 | i15.80 | i18.52 | i14.83 | 114.67 | i15.60 | i8.68
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Table VIIII. Measurement results of the Co/Pt samples with various film compositions at
A=633nm. The values in the parentheses are measured by the magneto-optic spectrometer (MOKS)

system.
sample COPT! | COPT2 | COPT3 | COPT4
composition of | 2.49.6 | 7.27238 | 24172 | 3110
Co/Ptin A
Co content 0.20 0.23 025 | 023
oumber 14 12 17 20
of bilayers
MO film 180 180 180 260
thickness (A)
coercivity 0.62 0.70 0.44 2.2¢
(kOe)
n L7 1.99 2.19 2.18
k 4.67 4.67 4.48 4.13
t ‘189 | 179 153 | -132
+ + + +
i16.0 | 158 i17.6 | it
[ o 0251 | 0390 | o365 | o.es
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Reflection Coefficient

Incident Angle (deg)

Figure 10. Three reflection coefficients as
function of the angle of incideace for the glass
mleon'rnbhx.‘!'holymboh(m,cixcle
and cross) are the measured ones and the
continuous curves are calculsted with the
estimated o = 1.500, and k = O from the

Reflection Coefficient

Incident Angle (deg)

Figure 11. Three reflection coefficieats as
function of the angle of incidence for the
dielectric film listed on Table X. The symbols
(star, circle and cross) are the measured ones
and the continuous curves are calculated with the
estimated n = 2.12, k = 0 and film thickness =

Figure 13. Thres reflection coefficients as
function of the angle of incidence for the sol-gel
(high index) film listed on Tsble X. The symbols
(star, circle and cross) sre the measured ones
and the contimuous curves are calculated with the
estimated n = 2.17, k = 0 and film thickness =
83 A from the multilayer analysis program.
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235 A from the muitilayer analysis program.

Figure 13. Three reflection coefficicats as
function of the angle of incidence for the organic
polymer sample 9-D, listed on Table X. The
symbols (star, circle and cross) are the measured
ones and the coutinuous curves are caiculated
with the estimated n = 1.68, k = 0.030 and film
thickness = 2700 A from the multilayer analysis
program.




Table X. Measurement results of several non-magnetic and noo-metal materials at A\ =633am.

film under- I
sample o thickness la DME
7 (A) (A) (%)
Corning
micro slide 1.500 10’ 0 2.3
72941
0, 2.120 235 0 2.3
dielectric
Sol-gel .17 83 0 0.8
(high index)
Sol-gel 1.45 “ 0 LI
(low index) 7 I
Ocganic polymee | 171 | 0010 | s00 | 265 | 60 I
7-D (IT0)
265 4.7
IT0)
265
IT0)

with the cetimated m = 1.05, k = 5.88 and film

thickness = 800 A from the multilayer analysis

-1.00f

Incident Angle (deg)

Figure 15. Three reflection coefficicnts ss
function of the angle of incidence for the Al-Ti
sample #2, listed ou Table XI. The symbois
(star, circle and croes) are the messured ones

and the continuous curves are calculated with the

estimated 8 = 1.45, k = 6.11 and film thickness
= 1000 A from the multilayer analysis program.
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Figure 16. Thres reflection coefficients as
function of the angle of incidence for the Cu,Al
sample #1, listed cn Table XI. The symbols
(star, circle and croes) are the measured ones
and the coatinuous curves are calculated with the
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Figure 18. Thres reflection coefficients as
function of the angle of incidence for the copper
sample #2, listed on Table XI. The symbois
(mr,citch-dan-)mdnmon-
and the continuous curves are calculated with the
estimated n = 0.41, k = 5.83 and film thickness
= 1000 A from the multilayer analysis program.
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Figure 17. Three reflection coefficicnts as
function of the angle of incideace for the Al,Cr
sample #2, listed oo Table XI. The symbols
(star, circle and croes) are the measured ones
and the continuous curves are calculated with the
estimated 8 = 1.76, k = 5.53 and film thickness
= 800 A from the multilayer analysis program.
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function

estimated n = 1.72, k = 4.05 snd film thickness
= 1510 A from the multilsyer analysis program.



Tables XI. Mmmuofmwmmmmmm

thicknesses &t A=633am.

sample c::i:; a k thickness | DME
) | & _ | =
| an o | 1ot | 625 | 2 2.7
| an 0 tos | s 500 23
| an o | 105 | sss | s00 LS
| am 0 18 | so 1000 | 2.1
ALTI 21 0 167 | 608 | 438 1.9
AITI 22 0 a5 | 611 | w00 | 14
AT 13 o | 160 | 63 | s 2.1
ALTI 84 0 135 | ssi 650 15
CuAl #1 16 | 141 | 453 | s00 19
0, .
Al | 138 | 131 | e | 1000 | 18
Z:0,)
ALCe 0 176 | ses | so0 1.8
ALCt 12 0 | 176 | s53 | w0 19
Cust 16 | oas | sa2 | s0 23
0y
can i | o | s | 1000 | 13
@0y
" 0 | 112 | 405 | 1510 | 14
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the systen was carried out to assure the accuracy and precision of the measurements. The dielectric teasor
measurements for TbFe, ThFeCo, Co/Pt and Co/Pd thin films reveal valuable information about their optical and
magneto-optical properties, and it belps their application performance improvemeat. This system also gives an
accurate way to characterize the optical properties for non-magnetic multilayered thin films.
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